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Multiple omics reveal link
between the microbiota-gut-brain
axis and intracranial aneurysm rupture

Hongyu Xu,"? Qianggiang Zhou,'? Ziyue Xu,'? Shengrong Long,"? Gaomeng Luo," Jincao Chen,"?3
Wei Wei,?* Zhengwei Li,”>* and Xiang Li'2#>6.7.*

SUMMARY

Intracranial aneurysms (lAs) are benign cerebrovascular maladies characterized by wall dilatation in the
intracranial arteries. Nevertheless, spontaneous aneurysmal rupture can cause a life-threatening sponta-
neous subarachnoid hemorrhage (SAH). Emerging evidence indicates potential associations between gut
dysbiosis and l1As pathogenesis, though the relationship with IA rupture remains unclear. This research
analyzed 124 fecal samples for microbiomics and 160 for metabolomics, with the discovery and validation
sets established for cross-validation. We identified differential gut microbiota and metabolites associated
with ruptured intracranial aneurysms (RIAs) and developed a superior risk assessment model. Subsequent
integrative analyses and validation revealed a significant link between disrupted unsaturated fatty acid
and essential amino acid metabolic pathways and IA rupture, driven by alterations in gut microbiota.
This study underscores the potential association between the gut-brain axis and IA rupture, while also
highlighting gut microbiota dysbiosis as a potential risk factor for IA rupture and providing biomarkers
for assessment.

INTRODUCTION

Intracranial aneurysms (IAs) are benign lesions of the cerebral blood vessels characterized by limited, pathological dilatation of the walls in the
cerebral arteries.' Generally, aneurysms are divided into unruptured intracranial aneurysms (UIAs) and ruptured intracranial aneurysms (RIAs).
As a predominant etiological factor in subarachnoid hemorrhage (SAH), RIAs are characterized by extremely high mortality rates and pro-
found legacy of neurological deficits.” A follow-up study conducted in a Chinese population has revealed that patients with SAH exhibit a
28-day mortality rate of 19%.” Early detection of UlAs, along with accurate assessment of their rupture risk, is crucial in minimizing the occur-
rence of rupture events. Currently, the traditional rupture prediction model, the PHASES and ELAPSS score, fails to be effectively applied due
to issues based on data from specific proactive cohort studies as well as research methodology.*” To construct a comprehensive aneurysm
rupture risk assessment system, it is imperative to explore perspectives on biological markers in combination with clinical characteristics for
comprehensive assessment.

The microbiota-gut-brain axis (MGBA) concept has emerged, revealing fresh perspectives regarding the occurrence of neurological
diseases and strategies for therapy.®” The MGBA comprises a complex network of interactions among the gut microbiome, the nervous
system, and the immune system.® It constitutes a bidirectional neurohumoral communication system, enabling the complex interplay be-
tween the brain and the gut microbiome. Through the hypothalamic-pituitary-adrenal (HPA) axis, the brain regulates the homeostasis of
the gut microbiome, ensuring efficient metabolism and absorption of substances.” Conversely, neuroactive molecules and metabolites
synthesized by the gut microbiome can traverse the blood-brain barrier (BBB), exerting biological function on the nervous system. Conse-
quently, dysregulation of the gut microbiome can contribute to the occurrence of numerous neurological disorders including multiple scle-
rosis, Parkinson'’s disease, ischemic stroke, etc.'®'? Recent studies have demonstrated that the gut microbiome dysbiosis-induced amino
acid and fatty acid (FA) metabolism is involved in neurological disorders pathophysiological processes.'®'* Short-chain fatty acids (SCFASs)
have been identified to modulate protein and gene expression in the HPA axis, thereby attenuating the involvement of HPA axis responses
in severe psychiatric disorders.'” Concurrently, certain amino acids, including tryptophan and branched-chain amino acids, have emerged
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as pivotal players in the MGBA and present the potential for therapeutic targeting through endocrine regulation.’® This is achieved by
influencing the synthesis of key hormones, such as melatonin and glucocorticoids. Recently, clinical sequencing has confirmed the pres-
ence of gut dysbiosis in patients with UlAs.!” However, there is no direct evidence linking the RIAs to dysbiosis of gut microbiome and
metabolites. Urgent research is needed to identify biomarkers of relevant rupture risk-associated gut microbiome and metabolites that
will allow early assessment of aneurysm rupture risk.

The advancement of third-generation sequencing has facilitated the application of multi-omics analyses combining microbiomics and
metabolomics to better reveal microbial interactions with metabolites.'® The influence of gut microbiome on the biochemical and phys-
iological functions within the host can be explored while understanding the diversity of microbes. In this study, we employed multi-omics
analysis to identify the differences in fecal metabolites and dysbiosis in the gut microbiome of a group of patients with UIA and RIA and
family controls. The study revealed that disruption in lipid and amino acid metabolism, attributed to disturbances in the gut microbiota, is
evident in the stool of RIA patients. Screening for divergent core gut microbiome and metabolites, we identified key gut microbiome and
metabolites associated with aneurysm rupture while constructing excellent diagnostic models to differentiate whether an aneurysm is
ruptured or not. In addition, we further revealed alterations in the gut microbiome of patients with |As at high-risk rupture locations, incor-
porating the clinical characteristics. Finally, we verified changes in a-linolenic acid, butyric acid, and linoleic acid levels through peripheral
blood (PB) and cerebrospinal fluid (CSF) samples. This research suggests the potential association between gut microbial dysbiosis and
the occurrence and development of IAs by revealing abnormalities in the gut microbiome and its metabolites, thus providing possible risk
assessment biomarkers for UlAs.

RESULTS

Study overview

The study overview is presented in Figure 1. To explore the gut flora and metabolites from UIA or RIA patients, in total 124 fecal samples for
16s rRNA microbiomics sequencing and 160 fecal samples for untargeted metabolomics analysis were collected. Tables 1 and 2 list the clinical
characteristics of all participants. PB and intraoperative CSF samples from thirty patients were recollected to measure the concentrations of
butyric acid, a-linolenic acid, and linoleic acid by ELISA. A total of 2,876,103 circular consensus sequencing (CCS) reads were generated after
barcode identification, and an average of 16,393 valid CCS reads per sample were generated following filtering for internal reference se-
quences (70 samples from 27 UIA patients, 18 controls and 25 RIA patients in the exploratory cohort; 54 samples from 25 UIA patients, 19
controls, and 10 RIA patients in the validation cohort). Read counts were clustered at 97.0% similarity using the USEARCH software to obtain
the operational taxonomic unit (OTU) counts for each sample for subsequent microbiomics analyses.'? After excluding samples failing quality
control, 66 matched fecal samples from the microbiome discovery set were reserved for untargeted metabolomics analysis. In parallel, stool
samples from 94 patients were acquired as a validation set for metabolomics data analysis. For subsequent metabolomics analyses, the
screening of differential metabolites involved a composite assessment incorporating multiplicity differences, p values, and VIP values derived
from the orthogonal partial least squares-discriminant analysis (OPLS-DA) model.

Dysfunctional species diversity of the gut microbiome in patients with IA

In the exploratory cohort, a total of 773 OTUs were annotated from 2,876,103 CCS reads obtained by 1és rRNA sequencing in 70 stool
samples (Figure 2A). Venn diagrams represent the differential OTUs among the normal control (NC), UIA, and RIA groups, with 28, 29,
and 100 characteristic OTUs detected, respectively. (Figure 2B). At the phylum level, Firmicutes, Proteobacteria, and Bacteroidetes are
the most predominant phyla in the stools from family control and patients with |As, comprising 95.8%, 94.8%, and 91.3% of the stools in
NC, UIA and RIA patients, respectively (Figure 2C). In the IA patient group, particularly in the RIA group, the abundance of Firmicutes
was significantly decreased compared to both the family control and UIA groups (p < 0.05). Conversely, Proteobacteria abundance was
significantly increased in RIA compared to the family control (p < 0.05). The abundance of Bacteroidota tended to increase in RIA
compared to UIA and family control, though the difference was not statistically significant (Figure 2D). This indicates that the gut micro-
biota in the UIA and RIA groups may differ from that in the NC group. The Shannon index curves for the NC, UIA, and RIA groups were
flattened, indicating that the sample sizes were adequate and covered the majority of the microbial species information (Figure 2E). To
confirm the altered gut microbial community structure in patients with I1As, we performed an alpha diversity analysis. The alpha diversity
of the gut flora in RIAs was significantly lower, as indicated by the Shannon and Simpson indices, compared to the other groups.
(Figures 2F-2l, p < 0.05). No significant differences were observed for the community richness indices (Chao and abundance-
based coverage estimator [ACE] metric) and coverage index, but a tendency for ACE and Chao index to decrease was noted in the
RIA group compared to the UIA and healthy control groups (Figure STA). In addition, the microbial composition was analyzed by as-
sessing beta diversity with non-metric multi-dimensional scaling (NMDS) and analysis of similarities (ANOSIM). Significant discrepancies
were found between UIA, RIA, and normal control by NMDS analysis based on Bray-Curtis distances (Figure 2J, Stress < 0.2). ANOSIM
analysis showed meaningful distinctions between the UIA, RIA, and normal control groups (Figure 2I, R% = 0.132, p < 0.07).

Identification and functional analysis of gut microbiota associated with RIAs

To elaborate on the identification of gut microbiota associated with the risk of IA rupture, we analyzed the comparative genus-level flora
in the UIA, RIA, and normal control groups using the Kruskal-Wallis rank-sum test. In the exploratory cohort, a total of 61 differential
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Figure 1. The flowchart of this study
16S rDNA sequencing and metabolomics analysis were performed on fecal samples from patients with I1As and healthy controls to identify potential factors
associated with the risk of IAs formation and rupture.
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Table 1. The basic clinical characteristics of intracranial aneurysms cases and healthy controls in microbiomics

Exploratory cohort Validation cohort

Characteristics NC UIA RIA pvalue NC UIA RIA p value
n 18 27 25 - 19 25 10 -
Sex, n (%) 0.948 0.174

Male 8(11.4%) 13 (18.6%) 11 (15.7%) - 10 (18.5%) 8 (14.8%) 2 (3.7%) -

Female 10 (14.3%) 14 (20%) 14 (20%) - 9 (16.7%) 17 (31.5%) 8 (14.8%) -

Age, n 55.1 £ 54 59.7 £ 7.8 57.6 £ 121 0.075 55.7 + 8.12 57.6 £ 7.04 62.3 £ 9.7 0.121
Hypertension, n (%) <0.001 <0.001

No 18 (25.7%) 12 (17.1%) 8 (11.4%) - 19 (35.2%) 12 (22.2%) 5(9.3%) -

Yes 0 (0%) 15 (21.4%) 17 (24.3%) - 0 (0%) 13 (24.1%) 5(9.3%) -
Diabetes, n (%) 0.056 0.171

No 18 (25.7%) 22 (31.4%) 24 (34.3%) - 19 (35.2%) 22 (40.7%) 8 (14.8%) -

Yes 0 (0%) 5(7.1%) 1(1.4%) - 0 (0%) 3(5.6%) 2 (3.7%) -
CKD, n (%) 1 0.458

No 18 (25.7%) 26 (37.1%) 24 (34.3%) - 19 (35.2%) 24 (44.4%) 9 (16.7%) -

Yes 0 (0%) 1(1.4%) 1(1.4%) - 0 (0%) 1(1.9%) 1(1.9%) -
Smoking, n (%) 0.062 0.93

No 13 (18.6%) 21 (30%) 12(17.1%) - 16 (29.6%) 20 (37%) 8 (14.8%) -

Yes 5(7.1%) 6 (8.6%) 13 (18.6%) - 3 (5.6%) 5(9.3%) 2 (3.7%) -
Drinking alcohol, n (%) 0.066 0.154

No 13 (18.6%) 23 (32.9%) 14 (20%) - 16 (29.6%) 16 (29.6%) 9 (16.7%) -

Yes 5(7.1%) 4(5.7%) 11 (15.7%) - 3 (5.6%) 9 (16.7%) 1(1.9%) -
Aneurysm

Size, n (mm) - 5.67 £ 472 8.03 £+ 4.43 - - 6.90 £ 5.50 6.29 £+ 3.07 -

Height-width ratio (HWR) - 1.06 + 0.95 1.99 £ 0.95 - - 1.23 £ 0.43 1.31 £ 0.31 -
Location, n (%) 1 0.597

ICA 0 (0%) 17 (32.7%) 15 (28.8%) - 0 (0%) 18 (51.4%) 5(14.3%) -

MCA 0 (0%) 2 (3.8%) 5(9.6%) - 0 (0%) 3(8.6%) 3(8.6%) -

VA 0 (0%) 3(5.8%) 2 (3.8%) - 0 (0%) 2 (5.7%) 1(2.9%) -

Other arteries 0 (0%) 5(9.6%) 3(5.8%) - 0 (0%) 2 (5.7%) 1(2.9%) -
Arterial bifurcation, n (%) 1 0.711

No 0 (0%) 14 (26.9%) 12 (23.1%) - 0 (0%) 13 (37.1%) 4 (11.4%) -

Yes 0 (0%) 13 (25.0%) 13 (25.0%) - 0 (0%) 12 (34.3%) 6(17.1%) -
Multiple aneurysms, n (%) 0.79 0.381

No 0 (0%) 22 (42.3%) 22 (42.3%) - 0 (0%) 21 (60.0%) 7 (20.0%) -

Yes 0 (0%) 5(9.6%) 3(5.8%) - 0 (0%) 4(11.4%) 3(8.6%) -

floras were screened at the genus level and selected for demonstration and further analyses for which higher abundance and indicated
critical biological roles were available (Figure 3A). Faecalibacterium, Roseburia, Lachnospira, and Blautia, the core gut bacteria, were
significantly dysregulated in intracranial ruptured aneurysms. Together with Butyricicoccus and Agathobacter, they serve as the main
producers of butyric acid and acetic acid.”>"?” Dysregulation of these gut microbiomes leads to disturbances in the metabolism of
SCFAs and reduces the anti-inflammatory effect of the microbiome. Among the 61 divergently enriched species identified in the dis-
covery set, 20 species (32.78%) were also prominently enriched in the ruptured aneurysm samples from the validation set (Figure S1B).
Due to the essential influence of microbial interactions on the homeostasis and physiological functions within the host gastrointestinal
flora, correlations were performed to analyze the differential flora.”* Correlation analysis revealed a robust covariation of Butyricicoccus
expression with Faecalibacterium, Roseburia, Monoglobus, and Blautia. Given their characteristic production of acetic and butyric acids,
this observation suggests that these microorganisms may collectively contribute to the SCFA metabolism within the gut microbiota,
thereby exerting a significant influence on the homeostatic regulation of the host's intestinal flora. Lachnospira, a fundamental flora
specializing in carbohydrate metabolism, exhibited a close association with Anaerostipes, Roseburia, and Blautia.”* Besides, its
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Table 2. The basic clinical characteristics of intracranial aneurysms cases and healthy controls in metabolomics

Exploratory cohort Validation cohort
Characteristics NC UIA RIA pvalue NC UIA RIA p value
n 20 24 22 - 28 40 26 -
Sex, n (%) 0.932 0.707
Male 9 (13.6%) 12 (18.2%) 10 (15.2%) - 14 (14.9%) 16 (17%) 11 (11.7%) -
Female 11 (16.7%) 12 (18.2%) 12 (18.2%) - 14 (14.9%) 24 (25.5%) 15 (16%) -
Age, n 55.1 £ 5.6 60.1 £+ 8.2 57.6 £ 11.5 0.068 55.3 £ 11.7 57.4 £ 11.5 60.6 + 9.9 0.229
Hypertension, n (%) <0.001 <0.001
No 20 (30.3%) 11 (16.7%) 7 (10.6%) - 28 (29.8%) 13 (13.8%) 5 (5.3%) -
Yes 0 (0%) 13(19.7%) 15 (22.7%) - 0 (0%) 27 (28.7%) 21 (22.3%) -
Diabetes, n (%) 0.093 0.239
No 20 (30.3%) 20 (30.3%) 21(31.8%) - 28 (29.8%) 36 (38.3%) 24 (25.5%) -
Yes 0 (0%) 4(6.1%) 1(1.5%) - 0 (0%) 4 (4.3%) 2 (2.1%) -
CKD, n (%) 1 0.744
No 20 (30.3%) 23 (34.8%) 21 (31.8%) - 28 (29.8%) 39 (41.5%) 25 (26.6%) -
Yes 0 (0%) 1(1.5%) 1(1.5%) - 0 (0%) 1(1.1%) 1(1.1%) -
Smoking, n (%) 0.049 0.102
No 14 (21.2%) 19 (28.8%) 10 (15.2%) - 21 (22.3%) 20 (21.3%) 14 (14.9%) -
Yes 6(9.1%) 5(7.6%) 12 (18.2%) - 7 (7.4%) 20 (21.3%) 12 (12.8%) -
Drinking alcohol, n (%) 0.089 0.392
No 15 (22.7%) 20 (30.3%) 12 (18.2%) - 10 (10.6%) 21 (22.3%) 12 (12.8%) -
Yes 5(7.6%) 4(6.1%) 10 (15.2%) - 18 (19.1%) 19 (20.2%) 14 (14.9%) -
Aneurysm
Size, n (mm) - 4.8 + 2.7 72+26 - - 6.6 6.2 7.7 £33 -
Height-width ratio (HWR) - 0.87 £+ 0.53 1.87 + 0.66 - - 1.21 £ 033 1.28 + 0.48 -
Location, n (%) 1 0.820
ICA 0 (0%) 16 (34.8%) 14 (30.4%) - 0 (0%) 22 (33.3%) 13 (19.7%) -
MCA 0 (0%) 2 (4.3%) 4(8.7%) - 0 (0%) 9 (13.6%) 7 (10.6%) -
VA 0 (0%) 3(6.5%) 2 (4.3%) - 0 (0%) 5(7.6%) 2 (3.0%) -
Other arteries 0 (0%) 3(6.5%) 2 (4.3%) - 0 (0%) 4(6.1%) 4(6.1%) -
Arterial bifurcation, n (%) 1 0.614
No - 13 (28.3%) 11 (23.9%) - - 21 (31.8%) 12 (18.2%) -
Yes - 11 (23.9%) 11 (23.9%) - - 19 (28.8%) 14 (21.2%) -
Multiple aneurysms, n (%) 1 1
No - 20 (43.5%) 19 (41.3%) - - 36 (54.5%) 23 (34.8%) -
Yes - 4 (8.7%) 3(6.5%) - - 4(6.1%) 3(4.5%) -

expression was notably downregulated in the RIA groups, implicating that disturbances in carbohydrate metabolism could be intricately
linked to aneurysm rupture (Figure 3B). Afterward, we searched for differential critical species associated with the aneurysm rupture at
the genus level by linear discriminant analysis effect size (LEfSe) analysis as well as random forest analysis as biomarkers for the aneu-
rysm rupture risk prediction model (Figures 3C and 3D). Subsequently, Lasso regression analysis was conducted to identify suitable
diagnostic markers of the gut microbiome, with the top 25 species being evaluated based on the mean decrease Gini values obtained
from random forest analysis. In the discovery set, we employed the nine screened gut microbiomes (Bacillus, TM7x, Fusicatenibacter,
Rikenellaceae_RC9_gut_group, Butyricicoccus, Blautia, Granulicatella, Rothia, and Dorea) to construct receiver operating characteristic
(ROC) curves for distinguishing unruptured aneurysms from ruptured aneurysms, excluding Lachnospiraceae_UCG_004 from the model
due to the risk of overfitting. The area under the curve (AUC) was as high as 0.970, with confidence intervals (Cl) ranging from 0.933 to
1.000. Consistent with the outcome in the discovery set, the validation set showed an AUC of 0.888 and a Cl of 0.771-1.000 (Figure 3E).
BugBase was subsequently applied to predict the functional phenotype in the gut flora. Gram-negative, facultatively anaerobic,
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Figure 2. Dysbiosis of the gut microbiota in patients with intracranial aneurysms

(A) Distribution of the number of features in each group.

(B) Venn diagram depicting the quantity of both shared and distinct OTUs among various groups.

(C) Species composition of the gut microbiota in groups at the portal level.

(D) Species abundance of Firmicutes, Proteobacteria, and Bacteroidetes in family control, UIA, and RIA (one-way ANOVA, mean with SD). p value, **p < 0.07;
*rx < 0,001; ****p < 0.001.

(E) Shannon diversity index curve utilized to evaluate the sufficiency of sample size and sequencing depth.

(F-1) Alpha diversity index variance analysis and beta diversity analysis (Wilcoxon test, mean with SD). p value, *p < 0.05; **p < 0.01; ****p < 0.001.

(J) Permutational multivariate analysis of variance analysis to assess similarity between samples of different subgroups (permutation test, mean with SD). p value,
**p < 0.01.

potentially pathogenic, and stress-tolerant phenotypes were enormously increased in the RIAs (Figure 3F). Differential pathways in the
RIA group compared to the UIA and normal control groups were afterward analyzed by PICRUSt2. Differential metabolic pathways in
the RIA group included translation, amino acid metabolism, lipid metabolism, and carbohydrate metabolism (Figure 3G). Consistent
with the results of the identified differential flora, the reduction of SCFAs caused by the dysbiosis of Faecalibacterium, Roseburia, Lach-
nospira, and Blautia in the RIA group could be an eminent risk factor for the occurrence of RIAs.
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Figure 3. Identification and functional analysis of gut microbiota associated with RIAs

(A) A histogram was constructed to illustrate the alterations in the species composition of gut microbiota at the genus level (Kruskal-Wallis rank-sum test, mean
with SEM). p value, *p < 0.05; **p < 0.01.

(B) Correlation chord plots effectively visualize the relationships between diverse bacterial populations.

(C and D) LEfSe and random forest analysis to identify biomarkers for the aneurysm rupture risk prediction model.

(E) Lasso algorithm for screening ROC correlation coefficients and ROC curves for differentiating unruptured from ruptured aneurysms.

(F and G) Functional and phenotypic prediction of gut microbiota using PICRUSt2 and BugBase (Fisher's exact test). p value, **p < 0.01; ***p < 0.001.

Identification of differential metabolites in IA fecal samples

Given the apparent regulatory role of the gut flora on metabolites and the aforementioned findings, 66 matched stool samples from the mi-
crobiome discovery set were reserved for untargeted metabolomics analysis. At the same time, we collected 94 fecal samples as a validation
set for metabolomic analysis. Repeat relevance assessment demonstrated great repeatability between samples within groups (Figure 4A).
Principal-component analysis (PCA) and OPLS-DA showed differences in overall metabolites between the RIA group and UIA and normal
groups (NC-RIA: R2Y = 0.996, Q2Y = 0.806; UIA-RIA: R2Y = 0.996, Q2Y = 0.774) (Figure 4B). The cross-validation demonstrated the reliability
of the OPLS-DA models and predictions (Figure S1C). In the validation set samples, the results of PCA and repeat relevance assessment ex-
hibited strong concordance with those obtained from the discovery set, indicating the reliability and reproducibility of our findings (Fig-
ure S1D). The volcano diagram illustrates the 1,974 and 1,762 differential metabolites identified in the RIA group compared to the UIA
and normal control groups, respectively. Among them, 1,443 shared differential metabolites were identified in the RIA group compared
to the other two groups (Figures 4C and 4D). Subsequently identified differentially enriched metabolites were utilized for Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis. Surprisingly, amino acid metabolism, lipid metabolism, and carbohydrate metabolism were the main
enriched pathways in the RIAs, which was highly consistent with the microbiomics results (Figure 4E). The validation set findings were highly
concordant with the discovery set, confirming further that dysregulation of lipid metabolism and amino acid metabolism is heavily correlated
with rupture of IAs (Figure STE). Therefore, we selected the core metabolites of lipid metabolism, amino acid metabolism, and carbohydrate
metabolism to be displayed and used in the combined multi-omics analyses (Figure 4F). Data from the validation set confirmed that some FAs
were enriched with amino acids similarly to the discovery set, including linoleic acid, a-linolenic acid, and several essential amino acids (Fig-
ure S1F). Meanwhile, correlation analysis was applied to reveal the correlation network between FAs and amino acids (Figure 4G). Afterward,
we constructed an ROC diagnostic model of the divergently enriched core metabolites for separating patients with RIA versus patients with
UIA. The AUC was as high as 0.972, with Cl ranging from 0.927 to 1.000). Consistent with the outcome in the discovery set, the validation set
showed an AUC of 0.919 and a Cl of 0.857-0.981 (Figure 4H).

Combined multi-omics analysis of the gut microbiome and its metabolites in IA patients

To investigate the combined function of gut microbiota and metabolites in the progression of |As, we simultaneously analyzed metabolomics
and microbiomics data along with clinical information of the patients. Procrustes analysis suggested that microbiomics abundance followed a
highly pronounced trend with metabolomics expression (Figure 5A). The analysis initially focused on the alterations in Firmicutes and Proteo-
bacteria, which are the two most abundant species in IA patients. Analysis showed that the Firmicutes/Proteobacteria (F/P) ratio was signif-
icantly lower in the IA group, especially in RIA (Figure 5B). This implies that abnormalities in F/P may be related to the occurrence of IA or even
serve as a risk factor for aneurysm rupture. Furthermore, the Pearson analysis showed that putrescine, D-proline, a-linolenic acid, and stear-
idonic acid had positive correlation with F/P, while L-histidine was negatively correlated with F/P. We analyzed the 24 differentially enriched
microbes and metabolites that were previously shown to reveal the regulatory role between flora and metabolites in IA patients (Figure 5C).
Proline, a crucial amino acid essential for enhancing vascular elasticity and compliance, exhibits a positive association with dysbiosis in various
species, notably Butyricicoccus, Roseburia, and Monoglobus (R > 0.55, p < 0.05). This observation implies that the downregulation of proline
levels triggered by dysbiosis may serve as a contributory factor in the decreased elasticity and subsequent rupture of aneurysmal walls. Simi-
larly, loss of a-linolenic acid as a cardio-protective factor is closely related to the disorders of various floras such as Butyricicoccus and Fae-
calibacterium (R > 0.50, p < 0.05). In addition, for I1As, age, sex, and especially maximum aneurysm diameter and aneurysm aspect ratio are
strongly associated with the risk of rupture (Figure 5D).”” Finally, we determined the concentrations of butyric acid, a-linolenic acid, and lino-
leic acid in PB and paired CSF samples from 15 patients with UIA and 15 patients with RIA. This suggests that the reduction of butyric acid,
a-linolenic acid, and linoleic acid due to dysbiosis of the gut flora crosses the BBB via the MGBA and acts on the cerebral vessels, which are
further involved in the process of IAs (Figure 5E).

Altered gut microbiome in patients with IAs is tightly linked to site of occurrence

For IAs, the location of occurrence is intimately linked to the rupture risk. In particular, aneurysms located in the posterior circulation, the in-
ternal carotid artery, and the middle cerebral artery bifurcation are more likely to rupture than other location.”*?” Therefore, we classified 87
patients with IA into high- and low-rupture-risk groups according to the location of the aneurysm for microbiomics analysis. The Venn diagram
illustrates common and distinct species identified between the two groups at the OTU level (Figure 6A). Analogous to the results in the RIA
group, the species distribution displayed a downregulation of the abundance of Firmicutes in the high-risk group and a corresponding in-
crease in the abundance of Proteobacteria (Figure 6B). Alpha diversity analysis reveals significantly lower diversity and abundance of gut mi-
crobiota in lAs located in posterior circulation, Acom, Pcom, and middle cerebral artery (MCA) aneurysms (Figure 6C). Partial least squares
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Figure 4. Identification of differential metabolites in intracranial aneurysms

(A) Correlation coefficient matrix analysis between samples to assess biological replication between samples within groups.

(B) PCA and OPLS-DA score plots in 1As and control samples.

(C and D) Volcano and Wayne plots showing the quantity of differential metabolites identified.

(E) KEGG enrichment analysis for differential metabolism in discovery set.

(F) Plotting histograms to illustrate variation in the abundance of metabolites associated with amino acid and lipid metabolism (Kruskal-Wallis rank-sum test,
mean with SEM). p value, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.001.

(G) Correlation chord plots effectively visualize the relationships between diverse metabolites.

(H) ROC curves for differentiating unruptured from ruptured aneurysms.

discriminant analysis (PLS-DA) was able to discriminate well between the two groups (Figure 6D). We then proceeded to identify the divergent
species (at the genus level) between the two groups by Metastats analysis and selected species for display based on higher abundance
and critical biological roles (Figure 6E). Roseburia, Agathobacter, Butyricicoccus, Rothia, and Blautia were prominently dysbiosis species
in posterior circulation, Acom, Pcom, and MCA aneurysms. These results further demonstrated the relevance of gut microbiota dysbiosis
to RIA.

DISCUSSION

In recent years, the potential relationship between the gut microbiome and IAs has garnered increasing attention.”®*° Nonetheless, the role
of gut microbiota in IA rupture events has not been extensively studied, and comprehensive risk assessment models incorporating gut micro-
biota remain scarce. Distinguishing from prior research, our study conducted a multi-omics analysis encompassing both metabolomics and
microbiome profiling, comparing fecal samples from patients with UIAs and RIAs, and healthy family controls. For microbiomics, the employ-
ment of triple sequencing for full-length absolute quantification serves to enhance the precision and reliability of species abundance. The
discovery and validation sets were established with the objective of significantly reducing the inherent variation between different human
fecal samples. Secondly, previous studies on gut microbiota in |1As patients have zeroed in aneurysm formation, emphasizing the protective
role of specific amino acids, such as taurine, in the regulation of amino acid metabolism by the host flora.”*” This research presents evidence
that gut dysbiosis contributes to the occurrence of rupture events of UlAs. A multi-omics analysis identified multiple core gut flora associated
with RIAs, including Faecalibacterium, Roseburia, Lachnospira, and Blautia. Furthermore, a suite of amino acids (L-histidine, D-proline,
L-methionine, L-lysine, etc.) and FAs (linoleic acid, a-linolenic acid, butyric acid, etc.) were identified as being linked to RIAs. The significance
of the FA metabolism and amino acid disorders caused by gut flora imbalance in IA rupture events is underscored by the elucidation of reg-
ulatory networks encompassing gut flora and metabolites. The establishment of excellent diagnostic models for differential species and me-
tabolites demonstrates the great potential of gut microbiota as a predictive factor for the risk of aneurysm rupture. Interestingly, our findings
for different sites of IAs demonstrated a close association between intestinal flora and the sites with a high rupture risk for |As. Furthermore,
some species dysbiosis (Roseburia, Agathobacter, Butyricicoccus, Blautia, etc.) were not only involved in the rupture event of aneurysms but
also closely associated with the site of aneurysm occurrence. This has not been previously mentioned in previous studies. Finally, the iden-
tification of PB and intraoperative CSF samples confirmed that FAs and amino acid imbalance is mediated by the MGBA and participates in
the rupture process of |As through the BBB (Figure 7).

The composition of the gut flora is vulnerable to factors such as age, gender, and particularly diet."’*" For the selection of partic-
ipants in the healthy control group, we purposively chose relatives of similar age who cohabited and shared meals with the patients
diagnosed with UlAs. Concurrently, we established two cohorts, the discovery set, designed for initial exploration and hypothesis gen-
eration, and the validation set, intended for confirmatory analysis and validation of findings. This approach aimed to minimize the
impact of potential confounding factors unrelated to the aneurysm on species composition and thereby enhance the rigor of sample
analysis. Distinct from prior investigations on gut flora in patients with 1As, our study employed full-length absolute quantification,
leveraging triple-sequencing technology.®” Results not only are more precise but also possess superior species resolution compared
to second-generation sequencing and V3-V4 variable region detection methods. The etiology of IA rupture is now widely believed
to be intricately linked to inflammation of the vascular endothelium and the transformation of vascular smooth muscle cells into a secre-
tory phenotype.®*** The imbalance in gut microbiota is widely recognized as leading to a decrease in beneficial bacteria and a concom-
itant increase in harmful microbes. Both the discovery and validation cohorts of microbiomics data revealed a notable decrease in
diverse gut probiotics, including Blautia and Roseburia. These species are all significant contributors to the production of butyric
acid, an SCFA that exhibits potent anti-inflammatory properties through intracellular HDAC inhibition and suppression of nuclear factor
kB activation.>>*® Thus, inflammation of the arterial vascular wall within the cranium, attributed to intestinal dysbiosis, may serve as a
pivotal factor in the rupture of aneurysms.

Previous metabolomics studies have primarily focused on the PB of patients with |As, with limited attention paid to fecal metabolomic
analysis.*” Through a combined analysis of gut microbiota and metabolites, we can better elucidate the role of the MGBA in the devel-
opment and progression of IAs. Extensive cohort studies conducted in China have revealed significant dysregulation of SCFAs, particularly
oleic acid and arachidonic acid, in the PB of patients with high-risk UIAs. These SCFAs potentially serve as protective factors against aneu-
rysm rupture.®® Our findings not only corroborate the protective role of SCFAs but also reveal dysregulation of linoleic acid and a-linolenic
acid in fecal samples from patients with RIAs. These observations are consistent with those reported in PB and CSF samples. Furthermore,
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Figure 5. Combined multi-omics analysis of the gut microbiome and its metabolites in IA patients
(A) Concordance of microbiome and metabolomics data compared by Procrustes analysis.
(B) Alterations in the F/P ratio among |As and correlation with differential metabolites (one-way ANOVA, mean with SD). p value, *p < 0.05; ***p < 0.001.
(C) Correlation analysis between differential flora and metabolites (Pearson correlation). p value, *p < 0.05; **p < 0.01; ***p < 0.001.
(D) Multi-omics combined with comprehensive analysis of clinical information and aneurysm characteristics. (Pearson correlation). p value, *p < 0.05; **p < 0.01;
Kkk
p < 0.001.
(E) Determination of a-linolenic, linoleic, and butyric acids in CSF and PB samples (Student’s t test, mean with SD). p value, **p < 0.01; ***p < 0.001; ****p < 0.001.

the diagnostic model constructed using the differential gut microbiota and metabolites identified in the discovery set samples exhibited
excellent predictive performance, which was thoroughly validated in the validation set. Our future research will focus on exploring whether
the supplementation of linoleic acid, a-linolenic acid, and essential amino acids can reduce the occurrence of aneurysm rupture. Further-
more, an investigation into whether an increased intake of SCFAs can improve the prognosis and reduce the occurrence of neurological
sequelae in RIA patients is warranted.

In summary, the research described the dysregulation of gut microbiota and metabolites in |A patients, particularly RIAs, and identified key
differential species and metabolites. A strong correlation between dysregulation of SCFAs and essential amino acid metabolic pathways with
risk factors for rupture of 1As has been proposed. PB and CSF sample validations have further confirmed the pivotal roles of linoleic acid, a-li-
nolenic acid, and butyric acid. Integrating clinical features, we have further uncovered alterations in the gut microbiota of patients with high-
risk aneurysm rupture locations. The construction of a robust diagnostic model suggests that gut microbiota and metabolite biomarkers have
the potential to predict the risk of aneurysm rupture.

Limitations of the study

Admittedly, this study also has some limitations. Our research population was limited to middle-aged and elderly individuals from central
China. Compared to multi-center studies, further validation with a larger sample size is needed in the future. Due to the complexity of 1A
model construction, the in vivo validation of the identified differential microbiota and metabolites remains a crucial aspect of our future
research that requires further exploration.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Stool samples from healthy family members Patients’ healthy family members N/A

Stool samples from patients with intracranial Patients with intracranial aneurysms N/A
aneurysms

Critical commercial assays

Human Butyric Acid (BA) ELISA Kit MEIAO Biotech MO-P37982R
Human Linoleic Acid (LA) ELISA Kit MEIAO Biotech MO-P38041R
Human a-linolenic acid (ALA) ELISA Kit MEIAO Biotech MO-P34071R
Tiangen Fecal Sample DNA Extraction Kit Tiangen Biotech DP812
SMRTbell™ Template Prep Kit Pacific Biosciences 100-222-300
DNA/Polymerase Binding Kit Pacific Biosciences 100-372-700

Deposited data

Untargeted metabolomics data

Microbiomics data

This paper

This paper

https://ngdc.cncb.ac.cn/omix: accession no.
OMIX007574
https://ngdc.cncb.ac.cn/gsa-human:
accession no. HRA007513

Software and algorithms

BMKCloud Platform
Trimmomatic
Cutadapt
USEARCH

BLASTN

pROC

Beijing Biomarker Technologies
Bolger et al. (2014)*”

Kechin et al. (2017)%°

Edgar et al. (2011)"

Altschul et al. (1990)**

Robin et al. (2011)*°

www.biocloud.net
https://github.com/usadellab/Trimmomatic
https://cutadapt.readthedocs.io/en/stable/
https://drive5.com/usearch/
https://ftp.ncbi.nlm.nih.gov/blast/

executables/blast+/

https://github.com/Logentech/pROC

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Recruitment of study participants

In this consecutive and retrospective study, we recruited patients with |1As admitted to the Department of Neurosurgery, Zhongnan Hos-
pital of Wuhan University, from January 2023 to January 2024, and healthy family members as controls. All |IAs were examined by cerebral
angiography, and characteristics such as aneurysm size, location, shape, height-width ratio, and whether a single or multiple aneurysms
were present. To prevent the interference of antibiotics and intestinal microbial agents on the gut microbiome, all stool samples were
collected from patients who had not used antibiotics or gastrointestinal microbiome supplements within the previous two months. All pa-
tients with 1As, both UIA and RIA, were previously undiagnosed, and all aneurysms were saccular. Patients under the age of 18, those diag-
nosed with other cerebrovascular diseases (such as dural arteriovenous fistulas, cerebral arterial dissection, moyamoya disease, etc.), or
with a confirmed genetic predisposition to intracranial aneurysm formation (such as polycystic kidney disease or Ehlers-Danlos syndrome
type 4) were excluded from the study. Similarly, patients who had used antibiotics within the two months prior to admission were also
excluded. A total of 124 stool samples from 87 patients with |As and 37 healthy family controls were used for full-length absolute quan-
tification 16S rRNA sequencing analysis, in addition to 160 stool samples from 112 patients with |As and 48 healthy family controls for un-
targeted metabolomics sequencing. Furthermore, we established discovery sets and validation sets in metabolomic and microbiomics an-
alyses to better illustrate the reliability of the results. Tables 1 and 2 list the clinical characteristics of all participants. Finally, PB and
intraoperative CSF samples from thirty patients were recollected to measure the concentrations of butyric acid, a-linolenic acid, and lino-
leic acid by ELISA.

The mean age of the discovery and validation sets of microbiomics participants in this study was 57.4 + 8.4 years and 58.5 + 8.2 years,
respectively. Additionally, 56% of the participants were female. The mean age of the discovery and control sets of metabolomics participants
was 57.6 + 8.4 years and 57.7 + 11.0 years, respectively, and 55% of the participants were female. Gender did not affect the findings in this
research. This research was screened and endorsed by the Ethics Committee at Zhongnan Hospital of Wuhan University (2024072K). All
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participants or legal representatives in this research have signed an informed consent form, with strict adherence to good clinical practice and
the Declaration of Helsinki.

METHOD DETAILS

Samples collection and DNA extraction

A5 mL peripheral blood (PB) sample was obtained from all participants on the day of admission. For stool sample collection, the UIA patients
and family controls provided their samples the following morning. For RIA patients, stool samples were collected within 24 h of admission and
before the initiation of any antibiotic treatment to minimize the impact of potential alterations to the gut microbiota. Concurrently, fecal sam-
ples were obtained while the RIA patients were anesthetized and sedated to prevent aneurysm rupture during the collection process. Fecal
specimens were collected using sterile plastic spoons to obtain approximately 2-4 g samples. The samples are then transferred under strictly
aseptic conditions into sterile stool sample containers. Additionally, A 2mL CSF sample was safely collected without compromising the sur-
gical outcome. Fresh fecal, PB and CSF samples from all participants were immediately stored in a —20°C refrigerator after obtaining. On the
same day, the samples were transferred to the laboratory via ice-box, and have been stored in a —80°C freezer to ensure the quality and ac-
curacy of the samples. In adherence to a standardized protocol, all fecal samples undergo DNA extraction, PCR amplification, library con-
struction, and sequencing in a simultaneous and consecutive manner. These procedures are carried out in strictly controlled, independent,
and sterile environments using sterile tools and containers. To mitigate contamination risks from environmental sources or reagents, DNase-
free water was employed as a negative control during both DNA extraction and PCR amplification stages, ensuring the absence of amplifi-
cation products. Using the Tiangen Fecal Sample DNA Extraction Kit (DP812, Tiangen Biotech, Beijing, China), 5 g of each stool was collected
separately and used for DNA extraction. The SMRTbell Template Prep Kit (Pacific Biosciences, Menlo Park, USA) was employed to construct
DNA libraries using specific primers to amplify diverse regions of the entire 16S rRNA genome (F: 5'- AGRGTTGATYNTGGCTCAG-3', R: 5'-
TASGGHTACCTTGTTASGACTT-3'). The output cDNA library was assessed for sample quality using concentration (Qubit) and size (Agilent
2100) assays. The on-board libraries were pre-sequenced using the PacBio Binding Kit (Pacific Biosciences, Menlo Park, USA) and third-gen-
eration 16s rRNA sequencing on a Sequel Il sequencer.

Enzyme-linked immunosorbent assay (ELISA)

ELISA kits (MEIAO Biotech, Shanghai, China) were used to detect a-linolenic acid, linoleic acid, and butyric acid in PB and CSF samples. To
test the samples, add diluted standards and samples to the pre-coated microtiter plate. Then, add 100ul of horseradish peroxidase (HRP)-
labelled detection antibody and incubate at a constant temperature of 37°C for 1 h. Discard the liquid and add the substrate to the plate.
Incubate at 37°C for 15 min, avoiding light. Add the termination solution and measure the optical density (OD) value of each well at
450nm. Finally, calculate the concentration of each sample according to the standard curve.

Metabolites extraction and LC-MS/MS analysis

Weigh 50 mg stool sample for metabolite extraction. LC/MS system consist of two main components: the Waters Acquity I-Class PLUS ultra-
high performance liquid tandem mass spectrometer and the Waters Xevo G2-XS QTof high resolution mass spectrometer. The chromato-
graphic separation was achieved using a Waters Acquity UPLC HSS T3 column (1.8um, 2.1*100mm). Untargeted metabolomics of fecal sam-
ples was conducted via UHPLC-QTOF-MS, employing either an Agilent 1290 UHPLC or an SCIEX 6600, with the mobile phase composed of A:
0.1% formic acid aqueous solution and B: 0.1% formic acid acetonitrile in both positive and negative ion modes. The injection volume was
standardized to 1 uL. Two LC-MS/MS analyses were performed, with the high-resolution mass spectrometer collecting primary and secondary
mass spectrometry data in MSe mode under the control of MassLynx V4.2 software. Each data acquisition cycle included dual-channel data
acquisition for both low and high collision energies, with collision energy settings ranging from 2V to 40V. The ESl ion source parameters were
configured as follows: a capillary voltage of 2000V (positive ion mode) or —1500V (negative ion mode), a cone voltage of 30V, an ion source
temperature of 150°C, a desolvent gas temperature of 500°C, a backflush gas flow rate of 50L/h, and a desolventizing gas flow rate of 800L/h.

Microbiomics sequencing data analysis

Absolute quantitative sequencing of three generations of microbial diversity is based on the PacBio sequencing platform and employs single
molecule real-time sequencing to sequence marker genes. The BMKCloud Platform (www.biocloud.net) was used to perform the analyses on
the 16S rRNA absolute quantitative sequencing data. The NGS data underwent preprocessing using Trimmomatic (v0.33) based on the qual-
ity of individual nucleotides.’” The primer removal and detection methods were performed using Cutadapt (v1.9.1).%° The PE reads from the
preceding steps were assembled with USEARCH (v10.0), followed by chimera removal with UCHIME (v8.1)."”*" The final effective data,
Effective-CCS (Non spike-in) sequences, were obtained by filtering internal reference sequences by BLASTN v2.9.0+ software.”” The
sequence was clustered using USEARCH (v10.0) with similarity greater than 97% (default). Conservative threshold for operational taxonomic
units (OTUs) filtration is 0.005%.

Microbiological diversity analysis

Species richness was evaluated utilizing the Chao1 and Ace indexes, while species diversity at OTU level was assessed by the Shannon and
Simpson indexes within the framework of alpha diversity analysis. The rarefaction curve was further verified to reflect the species diversity
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within each group. For the beta diversity analysis, Non-MetricMulti-Dimensional Scaling (NMDS) analysis and orthogonal partial least
squares-discriminant analysis (OPLS-DA) was performed to contrast the similarities in species diversity across samples.

Significant difference analysis

The Kruskal-Wallis (KW) sum-rank test is initially fitted to identify meaningful diversity with respect to the class of interest. A series of pairwise
tests between subclasses employing the (unpaired) Wilcoxon rank-sum test is then performed to determine biological significance. Linear
discriminant analysis effect size (LEfSe) employs Linear Discriminant Analysis to estimate the effect size of each feature with differential
abundance.

Functional prediction

By matching the species composition details generated from the 16S sequencing data, the PICRUSt software was implemented to predict the
functional composition in the samples and to interpret the functional divergence between the groups. BugBase predicts biological level
coverage and biologically interpretable phenotypes of functional pathways in complex microbiomes.

Prediction model

The relative abundance of gut flora at the genus level was classified using random forest classification (random Forest v4.6-10 classification
algorithm using the R package v3.1.1), which was applied to investigate risk biomarkers to distinguish between UIAs and RIAs.** The critical
species identified by random forest were analyzed using a multifactorial logistic regression model, followed by Receiver Operating Charac-
teristic (ROC) analysis with the pROC (v1.18.0) package, and the results were visualized using ggplot2 (v3.3.6)."* Finally, the constructed aneu-
rysm rupture risk prediction model was externally validated through a validation set.

Metabolomics sequencing data analysis

The raw data were acquired by MassLynx V4.2 and normalized to total peak area with QI software from Progenesis for subsequent analysis.
Repeatability of the within-group and QC samples was judged by principal component analysis. Annotation of identified metabolites against
KEGG, HMDB and lipidmaps databases. Computation and comparison were based on the grouping of normal control group, UIA group as
well as RIA group. To assess the significance of the differences, the p-value for each group was calculated by T test. Differential metabolites
were selected according to a combined approach based on multiplicity of differences, P-value and VIP-value of the OPLS-DA model. The
screening criteria were fold change (FC) > 1, p value < 0.05, and VIP>1. Differential metabolites mapping volcanoes by R package (ggplot2).
The functions and pathways of selected metabolites were investigated in the KEGG database. In addition, the metabolic pathways were en-
riched for the individual metabolites.

Multi-omics analysis based on fecal metabolomics and microbiomics data

Procrustes analysis was conducted to measure the consistency of microbiome and metabolomics data by analyzing shape distributions.
Spearman correlations between differentially enriched flora and metabolites were computed utilizing the scipy-stats software package
(v0.14.1) in python (v2.7.8). The results are presented in heatmaps.

QUANTIFICATION AND STATISTICAL ANALYSIS

Biodiversity and similarity analysis using the OTUs with QIIME2. NMDS analysis is based on the Binary-Jaccard algorithm for dimensionality
reduction analysis, which displays the same groups of samples as 95% confidence ellipses. PCA analysis of metabolomics samples by calcu-
lating the covariance matrix. Gut microbiota from multiple groups were compared at the genus level by enrichment analysis of differences
using the Kruskal-Wallis rank-sum test and corrected for p-values using the BH-FDR method. Metastats analysis was performed to t-test spe-
cies abundance between the two groups to obtain p-values and corrected g-values to screen for differing species. PLS-DA was utilized to
differentiate metabolites between the two groups and obtain VIP values while screening for differential metabolites in combination with
p-value and fold change. Procrustes analysis selected PCoA to down-rank the species (at the genus level) and metabolisms, respectively,
and calculated distance matrices using the microbial quantification matrix and the metabolite quantification matrix. The distance algorithm
was Bayesian distance for microbes and Euclidean distance for metabolome. For both PB and CSF ELISA, two-tailed unpaired Student’s t-test
was used to analyze differences between the UIA and RIA patients. Statistical significance was determined as p < 0.05, *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.001.
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